This paper presents the hydrodynamics of chopped oil palm fronds (OPF) from cold flow experiments carried out in a swirling fluidized bed dryer (SFBD). The chopped OPF was 10 -15 mm in size and falls in between Geldart type B and D. The OPF which consisted of leaves and petiole (stem) were first separated before studied individually due to their different physical characteristics. 2 bed loadings of 120g and 140g were investigated for bed pressure drop, (∆P b ), minimum fluidization velocity (U mf ) and minimum swirling velocity (U ms ) while regimes of operation were closely observed. The experiments yield that the OPF leaves and petiole have distinct hydrodynamic behavior due to their different bulk densities and voidage, hence suggesting drying should also be conducted separately unlike the current industrial practice. The leaves have lower U mf and U ms compared to the petiole and thus swirling motion was initiated earlier in SFBD when operating with leaves. Both samples however, have limited operating velocities due to elutriation. In conclusion, the SFBD was found to fluidize the chopped OPF well while providing good solid-gas contact which is highly desired for drying.
Introduction
Oil palm has been Malaysia's largest economic crop since three decade ago especially when the world price of rubber plunged in 1960's and 1970's. Since then, oil palm plantation steadily grew from about 0.6 million hectares in 1975 to about 4.85 million hectares in 2010 [1] . Currently Malaysia is the second largest exporter of palm oil in the world after Indonesia [2] .
Compared to other types of biomass, palm oil industry leaves a very huge amount of biomass from its plantation and milling activities. It is estimated in 2005 that 55.73 million tonnes of oil palm biomass was recorded, comprising of empty fruit bunch (EFBs), fiber, shell, wet shell, palm kernel, fronds and trunk [2] . Fig. 1 shows the anatomy of an oil palm tree and oil palm frond. Fig. 1 Anatomy of an oil plam tree and oil plam frond [3] Oil palm frond (OPF) on the other hand, is the least attractive part of the tree and usually left rotting between the rows of palm trees, mainly for soil conservation, erosion control and ultimately the long-term benefit of nutrient recycling. The large quantities of fronds produced by a plantation each year make these a very promising source of roughage feed for ruminants [3, 4] . It is estimated about 36 million tonnes of OPF is produced on dry matter basis annually during the pruning and replanting operations in the plantations [5] .
In the current industrial practice of OPF processing for production of ruminants feed, the fresh OPF is firstly chopped into small pieces of 10 -30 mm using a cutting-chopping machine. The chopped OPF, which is a mixture of leaf and petiole, are sun dried for about 2 to 3 days to reduce the moisture content from 60% to 70% to about 30%. This pre-drying is necessary to reduce total energy consumption in the artificial dryer where the chopped OPF is further dried to a final moisture content of 15% as required for downstream processes. Since the drying cost alone accounts for 30% of total production cost of ruminants feed, an efficient, reliable but low operating cost drying system is necessary.
This paper presents the hydrodynamics of chopped oil palm fronds (OPF) through cold flow experiments carried out in a swirling fluidized bed dryer (SFBD). Previous studies [6, 7] reported that the swirling fluidization has excellent hydrodynamics and suitable for large particles. Fig. 2 shows the basic configuration of a SFBD.
Fig. 2 Configuration of a SFBD
The bed is annular type, made by an array of blades at the bottom with centre body at the middle and enclosed by a column. These blades were inclined to the horizontal plane in which the blades form trapezoidal openings. This results in angular injection air, similar to that reported by [6, 7] . The bed material, in this case -chopped OPF which was loaded on the top of the distributor will swirl due to angular momentum transfer from the hot air. Since the angular momentum is zero at the middle of the bed, a centre body is required in a SFBD to avoid the possible presence of dead zone. This centre body is preferably extended straight from the bottom of the distributor because the hot air enters the plenum tangentially. Apart from the ability to fluidize the chopped OPF, the advantage of using the SFBD with annular blade distributor is the relatively low pressure drop imposed by the distributor for fluidization [7] . This significantly reduces total energy consumption by the system.
Material and Method
This section discusses the details of the experimental set-up, preparation of the samples (chopped OPF) for batch experiments, measurement and data collection.
Preparation of Chopped OPF. Fresh OPF are collected soon after pruning for sample preparation Initial investigation from direct drying method in oven as suggested by [8] , found that the OPF leaves contain moisture about 57% while the OPF petiole has moisture about 70%. Due to the difference in moisture content and physical attributes, the chopped OPF were firstly separated between the leaves and petiole for the study. Figure 3 shows the chopped OPF leaves and stems which is approximately 10 -15 mm in size. The chopped OPF falls in between type-B and type-D in Geldart's classification of particles. Fig. 4 shows the actual experimental set-up which consists of blower, air heater, plenum chamber, distributor and column. The distributor in the present study was made by 60 blades which accounts for a total open area of 17.2%. The flow rate of supply air was controlled by regulating its motor's speed using a frequency converter (model Holip -HL PA07543B). Superficial velocity of supply air was measured using a pitot-static probe which was mounted downstream of the blower just before the air enters the heater. The flow is assumed to be incompressible, fully developed turbulent flow and average velocities were calculated using the 1/7 th power law equation [9] .
Fig. 4 Schematics of the experimental start-up
Data Measurement and Acquisition. Distributor and bed pressure drop measurements were done using digital manometers (model Infiltech) with 0.1 Pa resolutions and accuracy of ± 2%. For determining the moisture content prior to the cold flow study, industrial oven (model Memmert) was used at 105 ºC together with electronic weight balance (model Perkin-Elmer) with an accuracy of ± 10 mg. The cold flow study does not require the heater to be used but ambient air temperature was measured using K-type thermocouple (resolution of ± 0.1 ºC) together withPicoLog datalogger. Experimental Procedure. Batch experiments were conducted for two bed loadings of 120 g and 140 g for both OPF leaves and petiole. Before the experiments begin, the distributor pressure drop, (∆P d ) was measured first in the empty bed. The bed pressure drop, (∆P b ) from hydrodynamics study was then obtained by deducting the ∆P d from total pressure drop. This method of obtaining ∆P b is necessary because it was difficult to measure ∆P b directly from the bed as per reported by [6, 7] . Superficial velocity of air, U s was gradually increased while recording the total pressure drop. Careful observation was made on the bed to determine the change in its flow regime as well as establishing the minimum fluidization velocity, U mf and the minimum swirling velocity, U ms . The superficial velocity of air was continuously increased until elutriation of material occurs, indicating the maximum operating velocity of the bed. 
Results and Discussion
The experiments were carried out to obtain a basic understanding of hydrodynamics of the chopped OPF using the SFBD. The findings are as following: Hydrodynamics -Leaves. Fig. 5 shows the ∆P b against U s for two bed loadings, 120 g and 140 g. Both bed loadings exhibit increasing ∆P b with U s in the packed regime, with 140 g bed loading having higher ∆P b . This is due to higher drag force required to overcome larger resistance, manifested by larger surface area of the solids. The U mf for 120 g and 140 g bed loading was 0.9 m/s and 1.0 m/s while the U ms was 1.0 m/s and 1.2 m/s respectively. Slightly higher flowrate was required upon minimum fluidization to initiate swirling inside the bed. There was a noticeable drop of ∆P b during U ms , as a result of bed expansion which provided more space for air to flow through the bed. Fluctuations of ∆P b was observed throughout the swirling regime because of occasional clogging inside the bed. This is due to surface moisture on the leaves which resulted in them sticking together. However, after some time the fluctuation of ∆P b becames smaller as the surface moisture evaporates. The range of swirling regime for the chopped OPF leaves however, are small and limited between U mf to about 1.6 m/s in the present study.
Fig. 5 ∆P b against U s for chopped OPF Leaves
Hydrodynamics -Petiole. Fig. 6 depicts ∆P b against U s for chopped OPF petiole for a bed loading of 120 g and 140 g. The bed behavior was somewhat similar to that of OPF leaves. Increase of ∆P b was however gentle, unlike for the OPF leaves. OPF petiole were in the form of cubical chunks, unlike the OPF leaves which were slender. Hence the total surface area for a given bed loading was smaller for OPF petiole, and thus lower drag force resulted lower ∆P b in the packed regime. Steady increase in U s result in a more vigorous swirling motion and finally causes elutriation of the petiole. As can be seen in the figure, the denser petiole was able to withstand superficial velocity up to 2 m/s. The swirling regime was also relatively shorter for OPF petiole in comparison with OPF leaves. Another distinct characteristic between OPF leaves and petiole is that the petiole has higher U mf and U ms values. Interestingly, the U mf and U ms values for petiole were the same for the two bed loadings, which were 1.41 m/s and 1.48 m/s respectively. It was also found that operating the bed at higher swirling velocities was not really practical because of the small swirling regime. Operating velocities slightly higher than the U ms should be sufficient for optimum solid-gas contact with minimal energy consumption.
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Conclusion
From the cold test on chopped OPF carried out, the most important finding is that the SFBD is able to provide good fluidization characteristic with good mixing between particles. The different hydrodynamic between OPF leaves and petiole characteristic is a proof that both OPF leaves and should not be fluidized together if any fluidized bed drying of OPF is attempted. The hydrodynamic investigation also revealed that the OPF leaves have higher ∆P b in the packed regime in comparison to the OPF petiole due to higher surface area. The OPF petiole reaches U ms and U mf at much higher superficial velocity. Both products however, has limited swirling regime due to elutriation. It was also found that higher superficial may not really provide much benefit though the products swirl faster.
